Abstract-Hybrid photovoltaic (PV)-battery-hydropower microgrids (MGs) can be considered to enhance electricity accessibility and availability in remote areas. However, the coexistence of different renewable-energy sources with different inertias and control strategies may affect system stability. In this paper, a hierarchical controller for a hybrid PV-battery-hydropower MG is proposed in order to achieve the parallel operation of the hydropower and PV-battery system with different rates and to guarantee power sharing performance among PV voltage-controlled inverters, while the required power to the hydropower-based local grid is supplied. In this case, the PV-battery system will operate as a P Q bus to inject the desired active and reactive powers to the local grid, while the hydropower station will act as a slack bus which maintains its voltage amplitude and frequency. An 
systems (ESSs), like flywheels, supercaps, or batteries [1] , [2] .
Islanded hybrid PV-battery-hydropower MGs have been deployed as a practical solution to address local electricity outages, eliminate power fluctuations, and increase the reliability and availability of power supply especially in dry seasons. These hybrid MGs can improve the complementary utilization of different renewable-energy sources (RESs) in remote areas, where the abundant solar irradiance and small-scale hydroelectric power plants are available [3] [4] [5] [6] [7] [8] . In addition, the seamless transition between grid-connected and islanded modes is usually required for the PV-battery system in hybrid MGs because of the unavailability of the hydropower plant reservoir, such as the run-of-the-river projects [9] , [10] , in which little or no water storage is required.
ESSs are necessary for islanded MGs where the power exchange among the RESs, ESS, and loads should be balanced. A number of previous works [11] [12] [13] indicate that the control capability of ESS is limited by the energy capacity of the energy storage device. If ESS is the only one responsible for stabilizing the MG, it may result in failure or internal outage. When the different capacities between the hydropower system and the PV-battery system in a hybrid MG are considered, a reasonable solution is for the PV-battery system to operate as a P Q bus to supply the required active and reactive powers to the hydropower-based local grid while supplying the local loads. The hydropower can operate as a slack bus to establish voltage magnitude and frequency.
In order to achieve the aforementioned, hierarchical control theory is applied to the hybrid MG, thus providing the functionalities defined in different control levels [14] [15] [16] [17] [18] [19] . The hierarchical control theory is based on the droop control method which has dominated the autonomous control of parallel converters in applications in the last decade such as parallel redundant uninterruptible power supplies, distributed power systems, MGs, and so forth [20] , [21] . The droop controller calculates the active and reactive powers of the inverter and adjusts the local proportional frequency and voltage amplitudes of each inverter to emulate the behavior of a synchronous generator. Some modified droop control strategies have been presented to improve its performance in several applications [22] [23] [24] [25] [26] .
Unlike traditional MGs, the existence of a rotating device makes the islanded PV-battery-hydropower hybrid MG become more complicated. The inertias of hydraulic turbines and generators are decided by the physical dimension and rotor weight. Although this inherent property of rotating device could increase the damping performance of the system, the nonminimum phase system of the hydraulic turbine may result in several 0093-9994 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. instabilities [27] . However, power-electronics-based MGs are very sensitive to network disturbances because of the absence of physical inertias. In addition, the different transient response speeds of the voltage-controlled inverter (VCI) and hydropower system may also result in instabilities. Furthermore, the hierarchical control contains a huge number of parameters that need to be designed while respecting the tradeoffs of stability and transient response performances. In view of these problems, stability analysis becomes an important issue in hybrid PV-battery-hydropower MGs. The transient stability analysis can be obtained from the relationship between the rotor angles of different energy sources [28] , [29] . Additionally, a systematic approach to small-signal modeling of an MG system that includes conventional (rotating machine) and electronically interfaced distributed resource units is presented [30] . However, there are no quantitative conclusions derived from these research works.
Stability analysis based on eigenvalues and root locus plots is presented in previous studies [31] [32] [33] [34] [35] [36] . A full-order smallsignal model of a droop-controlled MG is derived to analyze system stability in [31] [32] [33] [34] . However, in these works, only inverters are considered. The characteristics of the generators are neglected. By contrast, transient stability of a hydropower plant was studied in [35] and [36] . For instance, the smallsignal model of a synchronous generator is considered in [35] . Nevertheless, the dynamic response of a hydroelectric power station should be taken into account, since the characteristics of the prime mover and its governor have great influence on the performance of the local electrical network [36] .
In this paper, a hierarchical controller for the hybrid PVbattery-hydropower MG is proposed. The proposed controller can achieve the parallel operation of the PV-battery system and hydropower station. In order to analyze system stability, an integrated small-signal state-space model is developed. This paper is organized as follows. Section II introduces the configuration of the hybrid power system. Section III develops the integrated linearized system model for both PV-battery system and hydropower station. Section IV analyzes the system stability and parameter sensitivity based on the state-space model. Section V presents the frequency and voltage stability analyses based on a real demonstration hybrid MG which includes the 2-MWp PV installations, a 15.2-MWh battery system, and a 12.8-MVA hydropower plant. The experimental results on a laboratory prototype are shown in Section VI to validate the effectiveness of the proposed approach. Section VII concludes this paper.
II. CONFIGURATION OF THE HYBRID POWER SYSTEM
The model of the islanded hybrid PV-battery-hydropower MG under study is shown in Fig. 1 . The synchronous generator of the hydropower plant provides physical inertia, which differs from conventional power-electronics-based MG.
In this case, the synchronous generator works in standalone mode as a slack bus, which means that the main role of the hydraulic governor and excitation system is to maintain the frequency and voltage amplitude of the hybrid MG. The PVbattery system acts as a P Q bus to inject the desired active and reactive powers to the hydropower-based local grid by means of the proposed hierarchical control which can be divided into three levels [14] [15] [16] [17] [18] [19] .
A. Primary Control Level
Primary control consists of inner voltage and current control loops, and active power (P ) and reactive power (Q) droop control loops. The objectives of primary control are regulating the frequency and amplitude of the voltage reference provided to the inner voltage and current control loops, adjusting the R/X ratio of the output impedance "seen" by the inverter, and sharing the load among VCIs by mimicking the static droop feature of a synchronous generator [20] [21] [22] [23] [24] [25] [26] .
B. Secondary Control Level
Secondary control includes frequency and voltage restoration control loops and a synchronization loop. Secondary control can compensate the frequency and magnitude deviations to improve the power quality in standalone mode. In addition, the secondary control ensures the synchronization of VCIs' output voltage with the point of common coupling voltage before the PV-battery system and hydropower station are connected [37] [38] [39] .
C. Tertiary Control Level
Tertiary control is responsible for generating the power reference and control VCIs in order to inject the dispatched power to the hydropower-based local grid and for optimizing the system [40] .
The PV-battery system of the hybrid MG can be seen as a P Q bus. The output voltages of the PV-battery system and the hydropower plant are boosted to 35 kV by using transformers, while the transmission lines between both plants present a high X/R ratio. Therefore, P and Q are dominated by power angle (δ) and voltage difference (
where δ is the angle between the hydropower station and the PV-battery system, X is the line impedance, P and Q are the active and reactive power outputs, and V 1 and V 2 are the output voltages of the hydropower station and PV-battery system. On the other hand, the frequency of the hydropower system is mainly dominated by the hydraulic governor system and the active power demanded by the load, while the voltage magnitude is mainly dominated by the excitation system and the reactive power demanded by the load. Therefore, the frequency and voltage stability analysis in this paper focuses on studying the relationships between the power flow of the PV-battery system and the hydraulic governor as well as the excitation system of the hydropower system.
III. LINEARIZED SYSTEM MODEL
In this section, a state-space model is presented for the proposed hybrid PV-battery-hydropower system [27] . The hydroelectric power system and the simplified hierarchically controlled PV-battery system include the governor, hydraulic turbine, generator, excitation, and hierarchical controller, which are represented by the block diagram shown in Fig. 2 . The hydroelectric power system is presented in per unit.
A. Hydraulic Governor
The functionality of the pilot valve and servomotor, and the gate servomotor is to increase the impeller driving signal from a PI controller. The impeller indirectly stabilizes the generator's frequency by controlling the water column. The parallel operation of hydropower can be achieved by using permanent speed droop R p which endows the P − ω droop characteristic and determines the slope [41] , [42] .
The variables of the PI controller, the pilot valve and servomotor, and the gate servomotor can be expressed as
where X 1 , X 2 , and X 3 do not have particular physical meanings, but they are state variables that are used to facilitate the development of the model, and T P and T G are the pilot valve and servomotor, and gate servomotor time constants. The corresponding linearized small-signal state-space equations can be derived from (3)- (5) as follows:
where
where Δ denotes the small deviation of the respective variable from the equilibrium point and ∧ denotes the derivative with respect to time.
B. Hydraulic Turbine
The classical transfer function of an ideal hydraulic turbine can be expressed as
where T w is referred to as the water starting time.
The following equations represent the linearized small-signal state-space form of the hydraulic turbine:
The algebraic output equation can be expressed as
where T m is the mechanical input torque
C. Third-Order Generator Model
The classical third-order small-signal state-space form in per unit of the synchronous generator [43] , [44] 
where 
where C gen and D gen are defined as
and r a as the stator resistance.
D. Excitation System
The basic function of the excitation system is to provide direct current to the synchronous machine field winding. In addition, the excitation system provides control and protective functionalities by means of controlling the field voltage and the field current [27] , [45] . In this case, a simplified excitation system is modeled, including the terminal voltage transducer and excitation regulator.
The root-mean-square (rms) value of the terminal voltage E eq can be calculated as follows:
The terminal voltage transducer can be described as
where T R represents the terminal voltage transducer time constant. The excitation regulator can be expressed as follows:
where K p_exci and K i_exci represent the proportional and integrated terms of the exciter regulator.
Equations (17) to (19) can be converted to the following small-signal state-space form:
The algebraic output equation can be presented as
where E f is the exciter output voltage.
E. Hierarchically Controlled PV-Battery System
The P − ω droop controller of the VCI can be expressed as
where ω hydro is the fundamental value of the P − ω droop controller, Δω syn is a signal generated by the synchronization controller in secondary control to ensure the synchronization before connecting the VCIs to the hydropower-based local grid, m p is the P − ω droop coefficient, P * inv is the active power reference, P inv is the active power output of the PV-battery system, and Δθ P is generated by a PI regulator in tertiary control in order to ensure that VCIs can inject the dispatched power into the hydropower-station-based local grid.
The power transmitted from the PV-battery system to the hydropower plant depends on the power transmission theorem. By considering the predominant inductive line impedances, the active power flow can be expressed by the following equations, with the inductive line impedance:
where P PBS is the active power output of the PV-battery system, E PBS is the rms value of the PV-battery system output voltage, and X line is the equivalent inductive line impedance.
As the bandwidths of the inner voltage and current loops are normally designed at one-fifth to one-tenth of the switching frequency, the cutoff frequency of the low-pass filter (LPF) in the droop control loop is usually one-tenth or even more slower than the bandwidth of the inner loops in order to avoid undesirable interactions. Moreover, the primary control is usually six times faster than the secondary control [38] . Thus, the transient response and control procedure of the droop controller and the inner loops should be faster enough to be neglected compared with the tertiary control and the governor dynamics.
The major issue that may affect the system stability and the transient response is the communication fault of the tertiary and secondary controls. Some previous works [38] , [39] investigated the impact of the communication latency of the secondary control in MGs. In [38] , both centralized and decentralized controllers present good performance for a time delay of 200 ms (about 10 line cycles). In view of this case, the centralized secondary control is employed; thus, it has the capability to maintain the proper operation with latencies of less than 1 s [38] . Therefore, the hierarchically controlled PV-battery system in this case can be simplified as shown in Fig. 2 , which includes the PI regulator in tertiary control, the power transmitted loop K P θ , and an LPF which represented the simplified droop control loop and inner voltage and current loops.
Therefore, the corresponding linearized small-signal statespace equations can be derived from (26) and (27) aŝ
where K p_PBS and K i_PBS are the parameters of the PI controller in the tertiary control and ω c is the bandwidth of the LPF.
F. Combined Model of Hybrid MG
A mathematical transformation is necessary to combine the hydropower station and PV-battery system models. The transformation is based on the relationship between the PVbattery system output current and the hydropower station output current based on Kirchhoff's current law, as the load current should be equal to the sum of the PV-battery system output current and hydropower station output current as shown in the integration part of Fig. 2 (
where I sbase is the base value of the generator output current. Hypothetically, the amplitude of the generator's output voltage E eq can be assigned to 1, by means of the excitation regulator. The small-signal form of the PV-battery system output current in dq reference frame can be expressed as follows:
where V sbase is the base value of the generator output voltage. The output current of the hydropower is equal to the difference of the load current and PV-battery system output current. Thus, the small-signal state-space form of the hydropower output current can be presented as
where K a , K b , K c , and K d are constants. The small-signal dynamics of the terminal voltage can be derived from (17) as follows:
By substituting Δv d , Δv q , Δi d , and Δi q from (15) to (32), the small-signal form in (34) can be rearranged as
Based on (3)-(36), a complete state-space small-signal model of the hybrid PV-battery-hydropower MG can be obtained by combining the substate-space models of the hydraulic governor, hydraulic turbine, generator, excitation, hierarchically controlled PV-battery system, and transformation and integration model, which are given by (6), (9), (13) , (20) , and (28). The hybrid power system has a total of 12 stateŝ 
IV. STABILITY ANALYSIS BASED ON THE LINEARIZED MODEL
In order to analyze and to ensure system stability, as well as to adjust the transient response of the hybrid system, the eigenvalues of (37) are represented along several root locus plots as a function of different parameter variations. The system parameters and equilibrium point are listed in Table I . Fig. 3 shows the root locus plot for the system by considering a variation of the proportional term of the hydraulic governor regulator K p_hydro from 10 −3 to 10 −1 . It can be seen that the system response becomes underdamped when increasing K p_hydro . In this case, the system will become unstable when K p_hydro increases beyond 2.5. Fig. 4 shows the root locus plot for the system as a function of the variation of the proportional term in the excitation system regulator K p_exci from 0.01 to 3. The system has an underdamped response for higher values of K p_exci . The system can maintain stability as the eigenvalues are displaced only within the left-hand plane. Therefore, K p_exci can be varied in a wider range in comparison with K p_hydro . 6 shows the root locus plot for the system considering a variation of the proportional term of the tertiary controller in the PV system K p_PBS from 10 −5 to 10 −3 . As K p_PBS increases, the single pole becomes attracted to the origin without any oscillation. Thus, the system behavior can be regarded as a firstorder system, but it turns slower. As the pole remains in the left half plane, the system is stable in the range of concern. Fig. 7 shows the root locus plot for the system considering a variation of the cutoff frequency of the LPF in the PV system ω c from 0.01 to 100. As ω c increases, the single pole tends to move far away from the origin without any oscillation. Note that, the higher the cutoff frequency, the faster the system response is. Therefore, the tradeoff between the response speed and the interaction between the inner voltage and current controllers has to be taken into account when the cutoff frequency of the LPF is designed.
V. FREQUENCY AND VOLTAGE STABILITY ANALYSIS BASED ON A DEMONSTRATION OF HYBRID MG
In this section, system frequency and voltage stabilities are analyzed using simulation models based on a demonstration hybrid MG, which include 2 MWp of PV, a 15.2-MWh lead- acid battery system, and a 12.8-MVA hydropower plant under several case-study scenarios. The hybrid MG used in this paper is shown in Fig. 8 . Fig. 10(a) and (b) shows the transient response of the system frequency and voltage when a 1-MW load is disconnected from the hybrid MG at t = 200 s. After 50-s oscillations, the system frequency is finally restored to 49.98 Hz, while the 35-kV bus voltage is restored to 34.79 kV. Fig. 11(a) shows the transient response of the system frequency when solar irradiance suddenly dropped to 30% at t = 100 s. After about 70-s oscillations, the system frequency finally stabilized at 49.98 Hz, which is almost the same as the system frequency before the solar irradiance drop. Fig. 10(b) illustrates the 35-kV bus voltage variations. After about 70-s oscillations, the voltage stabilized at 34.81 kV. Fig. 10(c) presents the output power transient response of one of the PV-battery stations in parallel when solar irradiance suddenly dropped to 30% at t = 100 s. Notice that the active power output of the VCIs is reduced by 19.74% (197.4 kW) at 100 s. After about 60-s oscillations, the active power output is restored to the nominal value (1 MW) by means of discharging the battery storage system.
VI. EXPERIMENTAL RESULTS
An experimental hybrid MG setup consists of two threephase inverters formed as a hybrid PV-battery-hydropower MG, as shown in Fig. 12 . This was used to verify the validity of the theoretical analysis about the frequency stability and to test the performance of the proposed hierarchical controller. Fig. 13 shows the overall control scheme of the experimental platform. This includes two Danfoss 2.2-kW inverters, a dSPACE1006 real-time control and acquisition platform, LCL filters, and LEM sensors. Three 2-kW resistors are connected to each inverter to simulate different loading conditions. An LR line impedance is connected between two inverters. The switching frequency is 10 kHz. In this setup, inverter 1 is used to simulate the hydropower station. The proposed hierarchical control is implemented in the other unit to simulate the VCI-interfaced PV-battery system. The electrical setup and control system parameters are listed in Tables I and II . Different case-study scenarios have been considered to validate the proposed controller.
A. Hot-Swap Operation
Fig. 14 shows the transient response when the PV-battery system is connected to the hydropower plant. As it can be observed in this figure, DG units are operating with different power rates. The hydropower unit is connected to a 115-Ω load feeding around 1200 W. On the other hand, the PV-battery system is connected to a 230-Ω load feeding around 626 W. After the synchronization process, DG units are connected at 7.7 s, operating in parallel like an islanded MG. It is worth noting that the output powers of both units nearly maintain their previous values after the connection. The reason for this is that the power reference value in the tertiary control is preassigned to zero in order to reduce the overshoots during the connection process. At 13.5 s, the tertiary control starts to act by increasing the power reference value to 130 W. It can be seen that the output power of the PV-battery system is increased by 130 W, while the output power of the hydropower station is decreased also by 130 W, as shown in Fig. 14(b) . The tertiary controller successfully controls the output power of PV to the desired value. The maximum active power overshoot in Fig. 14(b) is 0.17 per unit. Fig. 14(a) shows the frequency response of both DG units during the connecting process. After about 85 s, the system frequency is restored to 49.987 Hz due to the compensation of the output power from the PV-battery system. The frequency overshoot is very small. As can be observed, even with different power rates and power sources, the DG units with the proposed control strategy will still maintain stable parallel operation to regulate successfully the output power and system frequency. Fig. 14(c) shows the reactive power sharing performance. It is shown that 150-Var reactive power is exchanged between DGs even though the power step-up change is in active power, because of the presence of the resistive part in the RL line impedances and the lines. This effect can be reduced by increasing the voltage magnitude droop coefficient in the primary control at the expense of reducing the voltage quality. The details of the transient process can be found in each subfigure. Fig. 15 shows the transient response when the PV-battery system is disconnected from the hydropower plant. As it is can be seen, the PV-battery system is disconnected from the hydropower station at 16.88 s, and the tertiary control is disabled. Fig. 15(a) illustrates the frequency response of two DG units. The frequency of the PV-battery system is restored to nearly 50 Hz in about 4 s. The deviation of the PV-battery system frequency is determined by the P − ω droop coefficient and the output power. Meanwhile, the frequency of the hydropower station decreases from 49.987 to 49.985 Hz after around 50 s because of the PV output power withdraw and hydraulic output power increase. As can be observed, the output power of the hydropower system is increased immediately to supply the total amount of local load. At the same time, the output power of the PV-battery system is decreased to its original value as the tertiary control is turned off. Fig. 15(c) illustrates the obtained reactive power sharing performance. Side   Fig. 16 shows the transient response for a load step-up change in the hydropower station side. At the beginning, the DG units are operating in parallel with different power rates. The hydropower station is connected to a 230-Ω load. However, it is feeding around 490 W because the PV-battery system supplies 120 W by means of the tertiary control. The PV-battery system is connected to a 460-Ω load feeding of around 430 W, which includes the extra 120 W caused by the tertiary control. At 8.6 s, another extra 460-Ω load is connected to the hydropower station side, which causes around 310 W of real power step change. Note that the real power output of the hydropower station increases by 310 W in 90 s to supply the needed current as shown in Fig. 16(b) , whereas the active power output of the PVbattery system is finally restored to its original value with nearly no increase owing to the hierarchical controller. The output power of the PV-battery is barely affected by the hydropowerstation-side load step-up disturbance. The maximum active power overshoot in Fig. 16(b) is 0.37 per unit that is caused by the oscillation of the system frequency. Fig. 16(a) depicts the frequency response to the load disturbance for both DG units. It can be seen that the system frequency decreased from 49.995 to 49.99 Hz due to the increase of the hydraulic output power. The frequency overshoot is 0.00088 per unit. Note that the system frequency is determined by the hydropower station, which is operated as the voltage reference bus. Fig. 16(c) illustrates the reactive power response. There is also a large overshoot which can be reduced at the expense of voltage quality. Fig. 17 shows the transient process to a load step-down change in the hydropower station side. As can be observed in this figure, the original operation state is the end of the last test as shown in Fig. 16 . At 10 s, the 460-Ω load was disconnected from the hydropower station side, which results in around 310 W of real power step-down. The real power output of the hydropower station decreases to 485 W, as shown in Fig.17 (b) . By contrast, the active power output of the PV-battery system is finally restored to its original value without nearly any change due to the hierarchical controller. Fig. 17(a) depicts the frequency response to the load disturbance for both DG units. The system frequency has increased from 49.99 to 49.995 Hz due to the decrease in hydraulic output power. The frequency overshoot is 0.001 per unit. Fig. 17(c) illustrates the reactive power response. Fig. 18 shows the transient response for the load step-up and step-down changes in the PV-battery system side. At the beginning, the DG units have the same parallel operation states with scenario B, in which the hydropower station feeds are around 490 W and the PV-battery system feeds are around 430 W. At 10.26 s, another 460-Ω load is connected to the PV-battery system side, which causes around 310 W of real power step-up change. As can be observed in Fig. 18(b) , the real power output of the PV-battery system increases immediately by 310 W to supply the needed current. Meanwhile, the active power output of the hydropower station is kept constant since the injected power from the PV-battery system to the hydropower station is controlled at a constant value (120 W) by means of the tertiary controller. Fig. 18(a) shows the frequency response to the load step changes. As the system frequency is determined by the hydropower, the responses of both DGs' frequencies are nearly constant, except for two small overshoots in the PV-battery system frequency when the load steps up and down. At 26.69 s, the 460-Ω load is disconnected from the side of the PV-battery system. It can be seen that the active power output of PV-battery system is immediately decreased to the original value of 430 W without the change on the hydraulic active power output. Fig. 18(c) shows the reactive power response of both DG units.
B. Load Disturbances in the Hydropower

C. Load Disturbances in PV-Battery System Side
These tests show that the proposed control strategy can achieve not only a proper parallel operation of the hydropower station and the PV-battery system with different power rates and control methods but can also completely decouple the control of the active power output of different DG units.
VII. CONCLUSION
This paper has proposed a hierarchical controller for the islanded hybrid PV-battery-hydropower MG to achieve parallel operation of the hydropower station and PV-battery system with different power rates. The proposed controller achieves a complete decoupling power control between the hydropower station and PV-battery system. Integrated small-signal statespace models for both hydroelectric power and PV-battery system were developed to analyze the stability of the hybrid MG. Root locus plots are also presented to help identify the origin of each mode to improve system stability. Frequency and voltage simulation results were obtained from an islanded hybrid MG demonstration by considering several case-study scenarios. The experimental results validate the effectiveness of the proposed approach.
